A continuous-culture system was developed to study changes in the structure of Staphylococcus epidermidis populations exposed to subminimum inhibitory concentrations of erythromycin. Continuous-culture experiments were carried out in a dextrose-free, tryptic soy broth medium supplemented with lactic acid and sodium lactate (MTSB-D). The multiresistant (penicillin-, tetracycline-, and erythromycin-resistant) S. epidermidis strain NRC853 was subjected to a series of experiments: (i) growth individually in continuous culture in the absence and presence of erythromycin and (ii) growth in mixed culture with the erythromycin-susceptible S. epidermidis strain NRC852 in the absence and presence of erythromycin. Strain NRC853 produced colony morphology variants during continuous culture in the presence of 0.05 and 0.1 ,ug of erythromycin per ml. Variants (A, B, and C) were different from their wild-type parent on the basis of colony size, sector pattern, and/or the ability to transmit light. A variants rapidly lost a 2.7-MDa tetracycline resistance plasmid. B and C variants formed an ermC plasmid multimer series from unit size to a 16-mer and exhibited an approximately twofold increase in erythromycin MIC over that of the wild-type parent. They slowly lost the tetracycline resistance plasmid. The small-colony B variant demonstrated an increased virulence in the neonatal mouse weight gain test and an increase in fibronectin binding compared with the wild-type parent. The presence of a competing strain drastically increased the frequency of all variants.
Staphylococcus species constitute a major component of the mammalian cutaneous microflora (7, 8, 13) . Comprehensive investigations have been made of the natural populations of staphylococci, especially of those living on humans and other primates and domestic animals (4, (9) (10) (11) 14) . However, very few studies examining staphylococcal community structure in laboratory systems have been conducted. Marsh and Selwyn (20) examined the antagonistic effects of a strain of a coagulase-negative Staphylococcus sp. against an indicator strain of a Micrococcus sp. during continuous culture in a chemostat. Their work demonstrated the production of an antibiotic by the staphylococcus when the growth medium supported at least 107 CFU/ml, an observation supported by results of previous liquid batch cultures and growth on agar media (19) . These investigators concluded that the continuous culture techniques offered many obvious advantages over batch cultures but fell somewhat short of establishing natural conditions by not providing a solid surface for the growth of organisms and the retention of microbial products.
In the following study, we have investigated the responses of a multiple antibiotic-resistant strain of the coagulasenegative species Staphylococcus epidermidis in pure and mixed continuous cultures to subminimum inhibitory concentrations of penicillin G, tetracycline, or erythromycin. Low levels of these antibiotics may be present in the natural cutaneous habitats of this species during patient therapy (3). S. epidermidis is an opportunistic pathogen that has been implicated in a variety of infections, most of which are the result of the use of prosthetic and indwelling devices in human medicine and immunosuppressive therapy (5, 24) . This species is the most prevalent and persistent Staphylo-coccus species on human skin and produces large multiresistant populations during the course of single-antibiotic therapy (8, 9) .
Our initial objective was to develop a continuous culture system capable of growing single and mixed cultures of S. epidermidis for several days and then to use that system to observe changes in strain and community structure during antibiotic pressure, in an attempt to define adaptive processes. Preliminary results of colony variation in continuous cultures of multiresistant S. epidermidis have been presented previously (3a) .
MATERIALS AND METHODS
Bacterial strains and source. S. epidermidis NRC853 was examined in all continuous cultures. S. epidermidis NRC853 and NRC852 were tested in competition experiments.
NRC853 was multiply resistant to erythromycin (MIC, .1,600 ,ug/ml), penicillin G (MIC, 50 ,ug/ml), and tetracycline (MIC, 50 ,ug/ml) and was isolated from the forehead of a 3-year-old girl receiving amoxicillin for otitis media. This strain was the predominant one present on the forehead prior to and during amoxicillin therapy. Two colony morphotypes were present in natural populations of NRC853. One morphotype produced large (7.0-to 7.1-mm diameter), raised, gray (translucent) colonies, and the other produced mediumsize (4.5-to 5.8-mm diameter), gray-white colonies with a slightly depressed center. Some of the large gray colonies contained more slowly growing gray-white sectors. Cells isolated from these sectors produced colonies similar to the medium-size, gray-white colonies mentioned above. All of the medium-size, gray-white colonies but not all of the large gray colonies were multiply resistant to erythromycin, penicillin, and tetracycline. Some of the large gray colonies were resistant to penicillin and tetracycline or penicillin and To Circulating Waterbath erythromycin. For the present study, inocula were prepared from only the medium-size, gray-white colony morphotype. NRC852 was resistant to penicillin G (MIC, 200 ,ug/ml) and susceptible to erythromycin (MIC, 0.5 ptg/ml) and tetracycline (MIC, 3.1 ,ug/ml). It was isolated from the same forehead community as NRC853 and initially at the same time. Following 10 days of therapy with amoxicillin, NRC852 was displaced on the forehead by the multiresistant strain NRC853.
Bacterial cultures were examined for species and strain identification by the methods of Kloos and coworkers (8) (9) (10) (11) (12) (13) (14) (15) . Cultures were maintained on P agar (28) Continuous cultures were started by turning on the feed peristaltic pump, filling the culture vessel with medium to the overflow, and then stabilizing the temperature, pH, and dilution rate (requiring approximately 5 h). The culture vessel medium was inoculated with a 0.5-ml aliquot of an S. epidermidis culture grown for 4 h in TSB-D (5 ml in a Klett colorimeter tube) at 35°C and with shaking (200 rpm) and adjusted to an optical density of 0.36 with sterile TSB-D. The broth tubes were inoculated to an initial optical density of 0.1 ± 0.02 with cells grown overnight on P agar at 35°C.
Sampling procedures. Continuous cultures were maintained for a period of 3 to 5 days. They were sampled at the beginning (time zero) and then daily for the duration of the experiment. Each 0.5-ml sample was diluted in 4.5 ml of sterile saline (0.85% NaCl). Serial log1o (10-fold) dilutions of this suspension to 1/1 x 106 were prepared in 4.5 ml of sterile saline. Aliquots (0.1 ml) of the 1/1 x 102 to 1/1 x 106 dilutions were spread on triplicate P-agar plates. Plates were incubated at 35°C for 3 days and maintained at room temperature for an additional 2 days. At 2 days of incubation, colonies on one of the triplicate plates prepared from each dilution were replica plated onto a series of three P-agar plates containing erythromycin (25 ,ug/ml), tetracycline (20 ,ug/ml), and penicillin G (1 ,ug/ml), respectively. The viable count, purity of the culture, antibiotic resistance pattern, and colony morphology were determined from plates showing approximately 50 to 500 colonies.
Antibiotic resistance profile. Following the replication of colonies onto antibiotic-containing agars (see above), plates were incubated at 35°C for 2 days and then examined for the presence of colonies that showed an antibiotic susceptibility different from that of the parent strain. The suspected variant colonies were isolated and examined for their antibiotic resistance profiles (antibiograms), by using standard agar disk diffusion (23) and broth macrodilution (22) methods and plasmid composition.
Analysis of colony morphology variants. Colonies that were different from the parent strain on the basis of size, light transmission, color, profile, edge, surface, and/or consistency were designated as colony morphology variants. Colonial properties were best differentiated following incubation of colonies for 3 days at 35°C and 2 days at room temperature on P agar. Variant and parent colonies were isolated, subcultured, and reexamined for colonial morphology on point-inoculated P-agar plates (11 (Fig.  2) . At time zero, the culture contained 5 x 107 to 10 x 107 CFU/ml. At D = 0.3/h and in the presence of 0.05 pLg of erythromycin per ml, the culture reached a stable density of 5 x 108 to 6 x 108 CFU/ml by the second day. At D = 0.4/h, the culture density declined to 3 x 106 to 6 x 106 CFU/ml between the first and second day and remained at this level.
The frequency and time of appearance of colony morphology variants was only slightly different at the two dilution rates.
The A variant appeared only when erythromycin and the competing strain NRC852 were present in the culture. This variant appears to be the same as the large gray morphotype isolated from the forehead of the patient (above). The B variant produced a very small (2-to 3.5-mm diameter), gray-white colony with a dark gray center, and it sometimes contained white sectors. Sectored colonies were more prevalent in cultures in which D = 0.3/h. The C variant produced a small to medium-size (3.5-to 6.0-mm diameter), gray-, gray-white-, and white-sectored colony.
Antibiotic resistance and plasmid composition. NRC853 With erythromycin (0.5 uxg/ml) by the fourth day, >90% were susceptible to this antibiotic. The B and C variants also lost tetracycline resistance when 70. 6 29. n (MIC, 0.5 pg/ml) and is a strain of 3). The series proceeded from a high-copy-number, unit-size and furthermore it has been shown that two other multiresistant strains of S. epidermidis (DEM855 and MAW847) select colony morphology variants in continuous cultures exposed to subminimum inhibitory concentrations of erythromycin, suggesting that the phenomenon is not limited to NRC853 (3b) .
The formation of an inducible MLS ermC plasmid multimer series, from unit size to a 16-mer, by the B and C variants of NRC853 was quite surprising and suggests yet another mechanism for the adaptation of S. epidermidis to erythromycin pressure. The wild-type parent is somewhat unusual in that it is capable of forming an ermC plasmid multimer series from unit size to a 4-mer and upon primary isolation, produces a low frequency of cells (<10-4) containing larger multimers. Digestion of the multimers with various restriction enzymes produced the same fragments as those produced by the unit-size plasmid. This observation and the estimated size of intact multimers suggest that units are joined head to tail in a larger circular structure. Projan and coworkers (25) have described a naturally occurring plasmid from Bacillus subtilis, pIM13, that codes for constitutive expression of macrolide-lincosamide-streptogramin B resistance (ermC') and also produces a multimer series. The plasmid pIM13 was transferred to S. aureus, and although it was unstable in this host it still produced multimers. These authors suggested that multimerization might occur by the loss of a site involved in the resolution of multimers into monomers or that a mutant replication protein causes defective termination of replication.
On the basis of the neonatal mouse weight gain test and Fn binding, it follows that the small-colony (B) variant of NRC853 has more pathogenic potential than the wild-type parent and other colony morphology variants. In support of this observation, small-colony variants of S. epidermidis were selected in the rat model of endocarditis (2) . Furthermore, a small-colony variant of S. epidermidis has been isolated from the blood and resected vegetations of a patient with prosthetic valve endocarditis (1) .
